An autostereoscopic display using a directional backlight with a fast-switching liquid-crystal (LC) display was designed and fabricated to obtain a better perception of 3D images by enhanced resolution and brightness. A grooved light guide in combination with an asymmetric focusing foil was utilized to redirect the emitting cones of light to the left and right eyes, respectively. By designing the groove structures of the focusing foil with rotation from Ϫ1.5°to 1.5°in the gradient and having the pitch ratio of the grooved light guide to the focusing foil of less than 3, the boundary angle then shifts from normal viewing and the moiré phenomenon can be suppressed. Cross talk of less than 6% and a LC response time of faster than 7.1 ms further improve the stereoscopic image perception. Additionally, 2D-3D compatibility is provided.
Introduction
As image display advances from monochromic to color, each development is driven by the pursuit of ever more natural visions. Therefore the stereoscopic display is seen to be a major advancement in providing human perception closer to reality. Autostereoscopic displays, which do not require a user to wear special glasses, are generally classified into the "holographic type," the "volumetric type," and the "stereo pairs' type." Nevertheless, the holographic approach is usually constrained in monochromic applications. 1 Besides, the volumetric type, which uses a laser beam to project the sketch of an object on a fast spinning plane, requires a bulky volume against the trend of thinness and lightweight of display technologies. 2 The stereo pairs' type, which can be further classified into the "spatialmultiplexed type" and the "time-multiplexed type," therefore becomes the most popular approach because of the compatibility with current LCD technologies.
For the spatial-multiplexed type, odd and even pixels of the panel control projected images to left and right eyes, respectively. Using a parallax barrier 3 and a lenticular lens 4 are the major approaches to obtain two emitting cones of light to respective eyes, yet, resulting in resolution of one half or less and light efficiency degradation compared to the time-multiplexed approach. Furthermore, critical alignment to LCD pixels is a serious concern. Among reported time-multiplexed methods, Travis and Lang 5 used a fast-switching liquid-crystal (LC) shutter and projection lens system to produce stereoscopic images. However, the huge volumes of the display system usually hinders its applications. Recently, Sasagawa et al., 6 used a doublesided prism sheet with two fast switching light sources. In the prism sheet, a lenticular lens is combined with line prisms and the focal plane of the lens is set to the ridge of the prism. However, the unavoidable displacement between lenticular lenses and prisms causes the boundary angle of separation shifted from the normal viewing. In order to simplify the design and fabrication and to nullify the boundary angle shift, a novel focusing foil with asymmetric grooves was proposed. The focusing foil was placed upon a grooved light guide with large vertex angles to form a directional backlight. Using the novel directional backlight in combination with a fast switching LCD, two emitting cones of light were projected in our left and right eyes sequentially. Compared with the spatialmultiplexed approach, resolution and light efficiency of display are not degraded due to no need of distinction of odd and even pixels. Additionally, critical alignment is not essential.
Theory
A switching, directional backlight composed of an asymmetric focusing foil, a grooved light guide, and a fast switching LCD was proposed to realize an autostereoscopic display. Two restricted viewing cones were sequentially emitted from switching backlights. As shown in Fig. 1 , two states of an image were therefore obtained in our left and right eyes, respectively. The fast switching LCD was then utilized with the directionally switching backlight to achieve binocular disparity.
As schematically shown in Fig. 2 , a directional backlight consists of a microgrooved light guide in combination with a focusing foil. When the light source was switched on, a large inclined angle of viewing cone was emitted from a microgrooved light guide. A total internal reflection occurred at the interface of the focusing foil, which was followed by a refraction of the large inclined light. A focusing foil therefore redirected the light to the viewer's eyes. According to the geometric calculations [ Fig. 2(a) ], the relationship among , Ј, Љ, and ٞ can be obtained from Eqs. (1), (2), and (3). Using Eq. (3) by replacing Ј and Љ in Eqs. (1) and (2), the emitted angle of directional backlight was derived as Eq (4) .
where is the emitted angle from the grooved light guide, Ј is the refracted angle at the left-side interface of grooves, Љ is the incident angle at the rightside interface of grooves, ٞ is the emitted angle of the directional backlight, ␤ 1 and ␤ 2 depict the composed vertex angles of asymmetric focusing foil, ␣ is the half vertex angle of grooved light guide, and n is the refractive index of the focusing foil. From Eqs. (1) and (4), it is clear that the emitted angle from the grooved light guide increases when the vertex angle ͑2␣͒ of the grooved light guide becomes larger. Hence, the emitted angle ٞ from the backlight becomes larger as well. In addition, ٞ increases when the vertex angle ͑␤ 1 ϩ ␤ 2 ͒ of the grooved light guide becomes larger. Consequently, the emitted angle of directional backlight can be determined by the vertex angles of asymmetric focusing foil and grooved light guide. The desired angular distributions to the left and right eyes were therefore achieved by modifying a grooved light guide with a focusing foil. Figure 3 illustrates an overview schematic of the observer's relative position and viewing angle to the display. A backlight of size 35 mm ͑l͒ ϫ 28 mm ͑w͒ was placed at a viewing distance of 185 mm. The distance between the left and the right eyes was estimated around 65 mm. The viewer's left and right eyes were located around Ϫ10°a nd 10°to the normal viewing direction, respectively. Mobile applications are the first target application due to the ease of prediction of the viewer's position without using head tracking systems. Two sets of light sources were switched on sequentially to emit light to the left and the right eyes, respectively. In order to focus the light by different indicated viewing angles in their respective regions, asymmetrical microgrooves were used to redirect light propagation. A slant of grooves becomes steeper while the other slant is gentler. For example, assuming the vertex angle of a grooved light guide is 165°, the emitted angle of 67.5°from the grooved light guide was obtained by ray tracing. The refractive index of the focusing foil is set to be 1.49. For the middle region of the backlight, ␤ 1 ϭ ␤ 2 and ٞ ϭ Ϫ10°were assumed. As a result, ␤ 1 ϭ ␤ 2 ϭ 30°can be obtained according to Eq. (4). In consideration of the ease of fabrication, 60°of the top angles of asymmetrical grooves remain constant. Nevertheless, the emitted angle ٞ of the directional backlight will be shifted due to the rotation of the groove's slant by a factor of 2. Therefore, in order to satisfy the defined angles Ϫ7.1°and Ϫ12.8°for the left-handed and the right-handed regions, ͑␤ 1 , ␤ 2 ͒ are designed to be ͑31.5°, 28.5°͒ and ͑28.5°, 31.5°͒ due to the shift of the emitted angle ٞ of approximately 3°. In other words, from the left-handed to the righthanded regions, the symmetric axis of grooves rotates from 1.5°to Ϫ1.5°in the gradient. When the display is scaled up, the shift of the emitted angle of the directional backlight and the rotation of the symmetric axis of grooves become larger from the central to the edge regions. Furthermore, as in the example we demonstrated, the top angle of the focusing foil needs to be redesigned and optimized for different viewing distances.
Numerical Results and Measurement
In fabrication of the grooved light guide, microgrooves of a vertex angle of 165°at a groove pitch of 100 m were directly cut into the mold by diamond turning. Injection molding was then utilized to fabricate the light guide. Additionally, a focusing foil of 60°v ertex at a groove pitch of 30 m was micromachined. The pitch ratio of a grooved light guide to a focusing foil was designed to be less than 3, so that the moiré phenomenon caused by the overlapping of periodic structures could be suppressed and invisible to human eyes. Using white light LEDs with light bars as side-illuminated light sources, angular distributions of emitting light from the backlight module were measured by EZcontrast 160. Using backlight brightness intensity of 2100 cd͞m The azimuthal angle defined the rotation of the detecting plane of inclination ranges from 0°to 360°. In contrast, the inclination angle defined the radial position of the detecting plane, ranges from 0°to 80°. According to the measurement of Fig. 4(a) , most of the light was distributed between the inclination angle of Ϫ30°and 0°when left-side LEDs were switched on. For the Ј ϭ 90°cross section shown in Fig. 5 , the curves depict the dependence of luminance on different viewing angles of simulation and measurement, respectively. The measured curve closely agrees with the simulated curve. However, some issues need to be further considered. Ideally, when left-side LEDs are switched on, only the left eye can observe the image. Practically, after propagating in the light guide, some rays are reflected by the end surface of the light guide, thus, causing cross talk to the other eye. 7 The measured luminous intensity is 109 cd͞m 2 at a viewing angle of Ϫ10°(left eye) while 7 cd͞m 2 at viewing angle of 10°(right eye), thus resulted in a cross talk of approximately 6%.
Discussion
For conventional 3D displays, the viewer is usually limited to some special viewing positions. Inconvenient feelings hinder our natural vision. From the angular measurement shown in Fig. 5 , when our left eye is located at a viewing angle between Ϫ7.5°and Ϫ20°while our right eye is at a viewing angle between 7.5°and 20°, cross talk is less than 10%, which is the minimum criterion to produce stereoscopic image perception in our brains. 8 The position of the viewer can be moved within the range of a viewing angle between Ϫ7.5°and Ϫ20°. Therefore, the viewing distance can be adjusted to within 90 and 250 mm. In addition, cross talk was caused by the reflected rays at the end surface of the light guide. Cross talk can be further improved by increasing light utilization efficiency. If light is fully utilized, there is no light reflecting, thus reducing cross talk.
Besides, by reducing the thickness of the grooved light guide from 1 to 0.8 mm the light utilization efficiency can be further enhanced by 20% because of the increasing opportunities of light hitting on the grooves of the light guide.
Additionally, a fast-switching LC panel is essential to sequentially obtain images in our left and right eyes. If the two field sequential images are displayed with the frame frequency faster than 60 Hz, the flicker is undistinguishable by human eyes. In this case sequentially switching two images, the response time of the LCD needs to be less than 8 ms. A 90°t wisted nematic LC panel of an ultrathin cell gap ͑2 m͒ was therefore fabricated to achieve a fast response time. As shown in Fig. 6 , the rise and fall times of the LCD are defined as the duration between the 10% and the 90% transmittance. Rise and fall times were measured to be 4.7 and 2.4 ms, respectively. Total response time, which is the sum of rise and fall times, can reach 7.1 ms. In addition, to avoid cross talk while refreshing the images of the previous frame, a black image is hence inserted between the left and the right eye image by inputting a black image on the LC panel or switching off the backlight. The former approach needs doubling the frequency of the LC panel. The latter approach, which is the socalled blinking backlight, was used because it made less demands on LC response time. The photographs of a directional backlight with a LCD panel are demonstrated in Fig. 7 . By switching on light source 1, an image on the LCD is clearly visible at the left eye's position. At the same time, an image is hardly visible at the right eye's position. Therefore, it is confirmed that the directional backlight can meet the required properties of time-multiplexed 3D displays.
Furthermore, 2D-3D compatibility is provided by switching on two sets of light sources simultaneously or sequentially, respectively. Two-dimensional image perception is achieved when there is no binocular disparity while simultaneously observing the same image. In contrast, 3D image perception is obtained by combining sequentially switching images in our brain.
Conclusion
A directional backlight with a fast switching LCD was designed and fabricated to realize a 3D mobile display. A grooved light guide in combination with an asymmetric focusing foil was utilized to redirect light to our eyes. The groove structures of the focusing foil with rotation from Ϫ1.5°and 1.5°in the gradient were designed to simplify double-sided prism structures, thus avoiding the boundary angle shifted from the normal viewing. Additionally, the pitch ratio of the grooved light guide to the focusing foil is less than 3 to suppress the moiré phenomenon. The measured cross talk of the backlight module with a LC panel is less than 6%. In addition, the blinking backlight was applied on the module to reduce the cross talk while refreshing the image. The response time of the LC can reach 7.1 ms, so that the two field sequential images are displayed without the flicker. The photographs of the directional backlight with a LCD panel are also included to demonstrate the functioning of the devices. By switching on light source 1, an image on the LCD is clearly visible at the left eye's position while hardly visible at the right eye's position. Hence, the directional backlight is confirmed to meet the required properties of time-multiplexed 3D displays. Furthermore, the proposed autostereoscopic display module provides 2D-3D compatibility without degrading display resolution and efficiency in switching mode.
